Abstract
Introduction
Protein loops are regions of non-repetitive conformation connecting regular secondary structures. In both X-ray crystallography and NMR studies, these regions are usually the least well defined. There have been many attempts to classify loops according to various conserved features (Milner-White and Poet, 1986; Sibanda and Thornton, 1985; Sibanda et al., 1989; Efimov, 1991; Wintjens et al., 1996) . Leszczynski and Rose (1986) defined a sub-class of structurally similar loops called omega( )-loops. Ring et al. (1992) extended this work producing a more general classification of loops up to 20 residues in length based upon the planarity and linearity of the loops. Loops were defined as either linear (strap loops), non-linear and planar ( -loops), or non-linear and non-planar (ζ -loops). Longer loops have also been defined as either open or closed (Martin et al., 1995) , depending upon whether the adjoining secondary structures are too far apart from each other to make contact or not. The loops in the database of Donate et al. (1996) were classified according to their length, the type of bounding secondary structures and the mainchain conformation of the loops. Substitution * To whom correspondence should be addressed. tables for each loop position can be derived for each loop class to provide a sequence based prediction method (Rufino et al., 1997) . A very similar classification has recently been reported by Li et al. (1999) . Kwasigroch and co-workers (1996) have described a database of loops of length three to eight residues, clustered according to the length of loops. Classification into structural families depends on two values, the mean distance between the first and last Cα and the distance to the centre of gravity of the cluster. This database has recently been extended and a loop prediction method developed based upon these metrics (Wojcik et al., 1999) . Their analysis also shows that there are distinct preferences for residues close to the adjacent secondary structures with residues in the middle of the loop having greater variation in both sequence and structure.
Loops are still the most difficult structures of globular proteins to model and many methods have been described to try to improve the accuracy of the predictions. These include systematic search of conformational space (Bruccoleri et al., 1988; Sudarsanam et al., 1995) , searching for fragments which fit the end points of the secondary structures (Jones and Thirup, 1986; Sutcliffe et al., 1987; Blundell et al., 1988; Claessens et al., 1989) , energy based methods (Bruccoleri and Karplus, 1987) , molecular dynamics (Bruccoleri and Karplus, 1990) or combinations of these methods (Martin et al., 1989) . Other methods have relied upon the analysis of loop databases for prediction (Sudarsanam et al., 1995; Martin and Thornton, 1996; Rufino et al., 1997; Meirovitch and Hendrickson, 1997; van Vlijmen and Karplus, 1997) . However, most successful modelling occurs when similar loops from homologous protein structures are available (Martin et al., 1997) .
The number of databases that deal with the structure of protein loops is still very small. The database reported by Oliva and colleagues (1997) can be found on the web at http://www.bmm.icnet.uk/loop/. The loop database reported by Li et al. (1999) can be found at http://www. Fig. 1 . Example of a structure based alignment of the superimposed loops within the SLoop class Hgb eH. The alignment is annotated by its structural feature using the program JOY (Mizuguchi et al., 1998a, http://www-cryst.bioc.cam.ac.uk/∼joy) . This class contains loops bounded by helices. The conformation of the first residue is g (positive-ϕ) and that of the second residue either b or e. Links to the HOMSTRAD (http://www-cryst.bioc.cam.ac.uk/∼homstrad) database for each protein are given in the table.
ipc.pku.edu.cn/∼liwz/home/loop.html. In this paper, we describe a set of web pages which allows access to an updated version of the SLoop database of loops, classified according to the method reported by Donate et al. (1996) . An implementation of this database to the prediction of loop conformation from sequence, suggested by Rufino et al. (1997) , is also described.
Description of the SLoop database
The original database as described by Donate et al. (1996) consisted of 2024 loops, of length one to eight residues which were extracted from 223 proteins. They were grouped into a total of 32 groups according to their length and the types of their bounding secondary structures, which were either α-helical or β-strand. All loops of the same length and bounding secondary structures were pairwise superposed. A distance measure was derived from the RMS deviation of all atoms in the loops. This measure is given by D = ln(1 + RMSD). This metric was then used to cluster the loops using the hierarchical clustering program KITSCH (Felsenstein, 1985) . The name of a loop class is derived from the types of its bounding secondary structures (H for helix, E for strand) and the mainchain conformation of the loop, defined as one of seven conformations (a,g,l,t,b,p and e) where α-helix, 3 10 helix and π -helix are grouped into the a conformation. Where there are alternative conformations of loops, these are separated by an underscore. For example, Haab tH describes a loop class of length three, having a conformation of aab or aat, linking two helices. Of the 2024 loops studied, 63% clustered into one of 161 loop conformational classes. The database has (Sayle and Milner-White, 1995). recently been updated using a set of 968 non-redundant protein chains and currently consists of 8083 loops which cluster into 411 well populated classes (D. Burke, unpublished) . There are also approximately 3200 classes with less than three members. For each loop, two vectors can be defined representing the direction and positions of the bounding secondary structures. These vectors were chosen so as to minimize the sum of squares of the distance from the vector to the Cα atoms of the corresponding secondary structure. The inter-vector separation between the two vectors was defined as the distance between the projections of the Cα atoms onto these vectors. The inter-vector angle was defined as the angle between their direction so that the angle was zero if the vectors pointed in the same direction.
Description of the web interface
Every class in the SLoop database can be represented as a multiple sequence alignment of its loop members. These alignments can then be annotated with the program JOY (Mizuguchi et al., 1998a) , using the structural information derived from the protein from which the loop belongs. This annotation is consistent with other structure-based databases such as the HOMSTRAD (Mizuguchi et al., 1998b , http://www-cryst.bioc.cam.ac.uk/∼homstrad) and CAMPASS (Sowdhamini et al., 1998 , http://www-cryst. bioc.cam.ac.uk/∼campass).
SLoop browse interface
From the home page of the SLoop database, the user has the option to either browse through the complete database or search for loop classes using a user-defined structure or sequence using criteria such as the number of loops in each class and the class type. For example, the user may wish to select only well populated classes of type Strand-LoopStrand. Figure 1 shows an example of a typical class, in this case Hgb eH. A table describing each loop member of the class including name, source, resolution and R-factor Fig. 3 . A web page during a loop search. In this case a protein structure has been given and the secondary structure and loop regions are shown. The user has the option to alter the definition of the secondary structure before the search starts. of the protein is displayed. A link to the relevant entry in the HOMSTRAD database is also given. Below this, the JOY annotated structure-based sequence alignment for each loop, together with the key, is shown. This alignment can also be displayed in various formats, including colour postscript and L A T E X, as well as HTML, by clicking on the relevant link just above the alignment. A link to the superposed coordinates of all the members of each class is available in PDB format (Figure 2 ). Other derived information, which can be used to aid loop prediction, includes the distributions of inter-vector separations, intervector angles and the SLoop score for each loop member scored against a template from the complete class.
Description of the class templates
Each class in the SLoop database contains information about the sequences of its member loops, the local structural environment of the loop residues and the angle and distance between secondary structure vectors. Residue environments are defined, as described by Topham et al. (1993) , in terms of mainchain conformation, relative sidechain solvent accessibility and sidechain hydrogen bonding. Nine mainchain conformations (α-helix, 3 10 -helix, π -helix, g, l, t, b, p and e) are defined along with three types of solvent accessibility (less than 7%; between 7% and 40%; over 40%). There are also three types of independent hydrogen bonding possible (sidechain->sidechain; sidechain->mainchain amide; The last column reports the lowest rmsd between fragments within a class and the anchor regions of the secondary structure bounding the loops. The superposition of this fragment onto the protein scaffold can be viewed using the link in the column marked 'PDB File'. sidechain->mainchain carboxyl). This gives a total of 216 (9 × 3 × 2 × 2 × 2) residue environments. By only considering one type of hydrogen bond, the number of environments can be reduced to 54 (9 × 3 × 2). Conformationally constrained environment-dependent amino acid substitution tables, as discussed by Topham et al. (1993) , are derived for each class. These tables describe the probabilities of each of the 21 residue types, distinguishing cystine and cysteine, in each of the environments being mutated to each of the other 20 residue types. Contributions of a loop to these probabilities are weighted by the inverse of the number of its homologous member loops within a class.
Sequence based score
The probability of substituting a residue at each position in a class to that in a given query sequence can be calculated from the class templates described above. The score for the complete loop sequence, S seq , is defined as
where P 1 , P 2 and P n are the probabilities of matching the residue at, respectively, the first, second and last position of the loop. A score can be calculated for every SLoop class. A measure of the number of standard deviations of the score can also be calculated, based on the distribution of the scores of the member loops in the SLoop class.
Search interface with structure, predicted secondary structure and sequence The application of the SLoop database to the prediction of the conformation of the loop residues, as described by Rufino and co-workers (1997) , is now accessible online. Using a given sequence and bounding secondary structures, loop regions can be identified. If a tertiary structure is available, a comparison to the mean inter-vector separation and inter-vector angle of the SLoop class can also be made. The regions of secondary structure are defined either manually or by the secondary structure assignment program SSTRUC, which implements the algorithm of Kabsch and Sander (1983) . This structure may be a partially refined X-ray structure or a structure built using comparative modelling techniques. If the structure does not include the loop regions, the full sequence of the protein must be submitted along with the pdb file. The sequence and secondary structure assignment is extracted from the coordinates and can then be varied by the user (Figure 3 ) if the definition of the termini of secondary structure elements by SSTRUC is considered unsatisfactory or if the model has been derived by comparative modelling and the boundaries of the secondary structure are uncertain. Each loop region is then searched through the SLoop database. The output is a series of tables for each loop sorted by the sequence score. Each table consists of the SLoop class name, the sequence score and standard deviation, the difference between the inter-vector separation of the loop and the average inter-vector separation for the class, and the difference between the inter-vector angle of the loop and the average inter-vector angle of the class (Figure 4) . Every fragment from a predicted class is superimposed onto the target structure using the bounding secondary structures of the loop as anchor regions. The rmsd of the anchor residues from a representative loop fragment in the predicted class with the anchor regions of the structure is reported in the last column of the table and each superimposed fragment is available to view. This rmsd is calculated using all mainchain atoms. This allows each of the predicted loop classes to be visually inspected for compatibility with the other parts of the protein (overlaps, ability to form hydrogen bonds) or its electron density maps where these are available. Visual inspection of each candidate loop class can also be aided by browsing the class in the SLoop database. A correctly predicted loop class should have a high SLoop score and similar inter-vector separation and inter-vector angle to the structure. The final structure can be presented with representative loops of each possible class, superimposed onto the backbone of the original structure.
Discussion
This new web site allows quick and easy access to the complete classification of loops within the SLoop database. The structural superposition of all of the loops within a class, together with the structurally annotated alignments, is available for viewing. This allows inspection of not only the sequence conservation for each loop class but also the conservation of conformation, hydrogen bonding patterns and solvent accessibility within a loop class. Together with the ability to search the SLoop database, this provides a powerful tool to aid the modelling of loops.
